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Investigations of Quantum Hall Phase Transitions 
by Photoluminescence Microscopy 
John N. Moore 
The quantum Hall (QH) insulator, is a two-dimensional (2D) topological state of matter 
characterized by its chiral conducting edge channels and insulating bulk. It forms when an 
external magnetic field is applied perpendicular to the plane of a 2D electron system (2DES), 
thus localizing electrons in the bulk in classical cyclotron orbits and confining electrons at the 
edge to one dimension. The QH insulator is an excellent stage for studying many-body effects, 
which are a class of phenomena that emerge from inter-electron interactions. These effects 
include topological quasiparticles, such as magnetic skyrmions, and exotic forms of magnetic 
ordering. We sought to observe and study many-body effects of the quantum Hall insulator in 
real space using spin-sensitive scanning photoluminescence (PL) microscopy. Microscopy 
provides a direct local probe of the 2DES’s properties and allows imaging of long-range 
phenomena caused by many-body interactions. We performed the microscopy experiments at 
temperatures as low as 40 mK, at which many-body interactions occur. 
When the lowest spin-resolved Landau level is 2/3 occupied, exciting the system out of 
equilibrium with a source-drain current near a transition between electron spin-polarized and 
spin-unpolarized phases caused stripe-shaped domains to form discretely and caused nuclear 
spins to be dynamically polarized. We identified the backscattering caused by the stripes as the 
origin of a huge peak in the longitudinal resistance which has puzzled researchers in the field for 
decades. In order to capture images of nuclear polarization in this experiment, we introduced a 
high-resolution, high-sensitivity imaging method sensitive to the nuclear spin polarization by 
combining PL spectroscopy with a magnetic resonance technique similar to what is used in 
medical MRI. From this we came to understand that nuclear spins are dynamically polarized 
through flip-flop scattering with electrons crossing the stripe boundaries as they participate in the 
current. 
We also found that the stripe domains spatially propagate in the direction of the current with 
an astoundingly slow velocity of a few tens of nanometers per second. We imaged the motion of 
the stripes in real space and time, and found that the velocity had a strong dependence on the 
current density and Landau level filling factor. Further, when we resonantly depolarized nuclear 
spins, the propagation velocity increased; thus, we found that in this phenomenon 
nonequilibrium nuclear polarization acts back on the QH liquid through hyperfine interaction. 
Last, we conducted detailed measurements of electron spin polarization and nuclear spin 
relaxation time to study the critical conditions at which QH skyrmions form while visualizing 
their long-range behavior. We observed the 2DES discontinuously transition to a skyrmion-rich 
phase as the chemical potential was raised through the first integer QH state. This demonstrates 
that in the extreme quantum limit, isolated skyrmions cannot be created out of the ferromagnet of 
this QH state. Rather, an ensemble of correlated skyrmions is the lowest-energy stable excitation. 
The formation of the skyrmions has a hysteresis associated with it and is accompanied by the 
formation of long-range ordered domains which we imaged in real space. This work illuminates 






























いる。したがって、Moore John Nicholas 提出の博士論文は，博士（理学）の学位論文として合
格と認める。 
 
 
